Setting: Bariatric surgery is indicated for patients diagnosed with obesity and type 2 diabetes. Many patients achieve type 2 diabetes remission soon after bariatric surgery. Even though most maintain good glycemic control, remission is not maintained in all patients, and as a result some patients may relapse. Type 2 diabetes relapse is common in patients who regain weight; weight regain is prevalent one to two years after surgery. Additional pharmacotherapy may be required to aid bariatric surgery in fostering weight loss and reducing blood glucose levels.
Introduction
While lifestyle modification remains a staple in the therapeutic management of patients with new-onset T2D [1] , more aggressive therapies are needed to treat patients with severe obesity and long-standing T2D. Bariatric surgery is the preeminent therapeutic option for patients who have poorly controlled T2D and who have class two or three obesity [2] . Not only does bariatric surgery facilitate euglycemia and weight loss in the short-term [3] , but allcause mortality is likely reduced in the long-term [4] . Given that the positive effects of bariatric surgery are so profound [5] , its popularity has steadily increased.
However, while bariatric surgery is effective in fostering weight loss and improving glycemic control, there are limits to its potential as a stand-alone therapeutic option.
Although T2D control within the two year window after bariatric surgery is certainly improved relative to pre-surgery, glycemic control begins to degrade after the two year threshold in many patients especially if they had a prolonged duration of diabetes prior to surgery [2] . As such, the patients will require the assistance of adjuvant pharmacotherapy to offset the weight regain and the larger glycemic fluctuations that they experience. On the higher end of the spectrum, one study suggests that roughly 30% of patients may require additional therapeutic assistance five years after bariatric surgery [6] . The majority of the patients are poorly controlled before they undergo bariatric surgery and are clinically diagnosed with T2D for a longer period of time [7] . To date, a paucity of tier one evidence exists on viable antidiabetic medications that can be prescribed in synergy with bariatric surgery. Therefore, clinical judgment is exercised when deciding which agent to prescribe.
Some studies have been retrospective in nature and, for example, investigated the effects of liraglutide on weight loss outcomes [8] [9] [10] ; while one study noted the effects of sitagliptin after bariatric surgery, additional insight is needed [11] .
Canagliflozin, a renal sodium-glucose-cotransporter-2 (SGLT2) inhibitor that acts independently of insulin, fosters glycosuria to lower glucose concentrations. Cardiovascular and renal benefits are derived from treatment with canagliflozin in addition to its adjuvant effects: decreases in weight and improvements in glucose control [12, 13] . Given that canagliflozin has a mechanism of action that is complementary to bariatric surgery, it is a suitable agent for patients who underwent bariatric surgery. The purpose of this clinical trial was to investigate the effects of canagliflozin in participants who underwent bariatric surgery.
In relation to placebo, the hypothesis was that canagliflozin, an agent that acts independently of insulin, would foster more substantial reductions in weight and blood glucose. In turn, it was postulated that the secondary outcome variables would improve: C-reactive protein and adiponectin. The pilot study was the first to characterize the effects of canagliflozin on clinical and bariatric parameters in participants who had recurrent T2D and who underwent bariatric surgery.
Materials and Methods
An outline of the protocol was published previously [14] , but the methods written herein were updated to reflect the changes to the protocol. The clinical trial is registered in clinicaltrials.gov (NCT02912455). The protocol was approved by the institutional review board. Participants received $25 per visit.
Participants who underwent bariatric surgery >1, but < 15 years prior to the screening visit were eligible. Furthermore, the age restriction was between 20 to 75 years. Originally, 65 years of age was the upper limit for the study. To be eligible, participants must have underwent adjustable gastric banding, Roux-en-Y gastric bypass, or sleeve gastrectomy. A T2D diagnosis was required before and after bariatric surgery. Participants must of had an hemoglobin A1C (A1C) > 6.5% but < 11% at randomization. At the outset, the lower-limit for the A1C was 7.5%. The ranges for age and A1C were broadened to increase enrollment.
An estimated glomerular filtration rate of ≥ 60mL/min prior to randomization was required.
The exclusion criteria included, a diagnosis of type 1 diabetes, other bariatric surgical procedures not outlined in the inclusion criteria, non-research-related insulin use, renal failure, cardiomyopathy, and severe depression. Participants with active cancer were also excluded. Inclusion and exclusion criteria were verified upon the review of the patient's medical diagnoses and when the patient was asked about their medical history at the screening visit.
Participants were randomly allocated into a placebo or a canagliflozin group in a 1:2 ratio. If the participants were taking any antidiabetic agents, they were washed out for eight weeks prior to the randomization visit. As indicated in Figure 1 , there were six visits.
Participants were asked to fast prior to each visit. During the baseline visit, the participants met with the registered dietician for 45 minutes; no additional visits with the dietician were scheduled after the baseline visit. The dietician visit was instituted for educational purposes.
Participants received placebo or canagliflozin at randomization and were followed for the subsequent six months.
Immediately prior to breakfast, lunch and dinner, participants were asked to monitor their blood glucose levels via a glucometer and/or in a diary. The participants did not monitor their daily physical activity or food intake. Hyperglycemic and hypoglycemic events were recorded once the participants came in for their visits. For non-diet-controlled participants, moderate hyperglycemia (>250 mg/dL) was managed with rescue sliding-scale insulin. If their blood glucose was between 251-300 mg/dL, 301-350 mg/dL, or 351-400 mg/dL, they were instructed to inject 6, 8, or 10 units of insulin, respectively. For safety reasons, if a participant was noted to be severely hyperglycemic (A1C >11%), they were placed on a basal-bolus insulin regimen. The dose was determined by body weight; half the dose was given as long-acting, while the remaining was given as short-acting insulin. Insulin was not provided by the study during the first year of the study as it was considered standard of care.
The participants were instructed to document when they used sliding-scale insulin.
Height and weight were measured on a wall-mounted stadiometer and digital scale, respectively. Clinical parameters were collected at randomization, three months, and six months. A point-of-care A1C and a complete metabolic panel, which included a fasting glucose measurement, were performed at the three visits. Furthermore, lipid panels and adipokines (adiponectin and leptin) were drawn at randomization and six months. Dualenergy X-ray absorptiometry (DEXA) was done at randomization and six months to assess body composition and bone mineral density (BMD).
At randomization, participants received 100 mg/day for two weeks and then were titrated up to 300 mg/day. As determined by the principal investigator, the participant was maintained on the lower dose if they experienced multiple adverse events. If the symptoms subsided, they were titrated to the upper dose at their next visit. Participants were instructed to ingest the medication before their first meal of the day.
Medication adherence was assessed by counting the number of medications returned. Therefore, if a participant was given 40 capsules over the next 30 days and returned 10 capsules after that time period, then adherence was 100%. Adherence could not be computed in participant who did not return any medications. All the dispensed capsules were identical in appearance. All participants signed a consent document prior to participating in the study.
Statistical analysis
Enrollment of 36 participants was planned based on power calculations. Assuming an alpha of 0.05 and a standard deviation of 0.9% (two-sided t-test), there was 80% power to detect mean differences of 1.0% in A1C change between the canagliflozin (n=22) and placebo groups (n=11). Even if 10% of the participants dropped out, there would still have been sufficient power to detect group differences. By using SAS, a randomization table was generated by the statistician. A strategy of concealed assignment of medication was employed.
Intent-to-treat analysis and per-protocol analyses were conducted. Analysis of covariance models were fit with change as the outcome and group and baseline measures as predictors. For non-normal distributions, Yuen's method and the percentile bootstrap was used because the baseline measures were not covariates [15] . Explanatory effect size delineated whether the differences were small, medium, or large (>.50) [16] . Mean changes with 95% confidence intervals are presented for each group and for the difference at 6 months.
As a sensitivity analysis, the comparison of actual changes was repeated using linear mixed effect models, using maximum likelihood estimation [17] . This has been shown to account for missing data under the assumption that the data are missing at random. In these models, an autoregressive correlation structure within participant was assumed, except for lab values where a variance component error structure was assumed due to poor convergence with more complicated correlation structures. In all models, separate group variances were allowed.
Analysis was performed using SAS software (version 9.4; Cary, NC) and R-studio (version 3.3.1). Table 1 denotes the baseline characteristics of the cohort after the 8-week washout. In the canagliflozin group, the longitudinal reductions in blood glucose and body mass index (BMI) were significant; also, there were longitudinal improvements in body composition as noted by reductions in android adiposity and truncal fat ( Table 2) . Although participants taking canagliflozin achieved weight loss, lean mass was preserved (54.0 kg at baseline vs. 54.4 kg at six months).
Results
At six months, changes in uric acid levels were significantly different between groups (Table 2 ). Furthermore, changes in A1C, blood glucose, weight, BMI, percent body fat, percent truncal fat, and percent android fat, were significantly different.
After the insulin-administering participant was removed from the analysis (per-protocol), changes in A1C and blood glucose at six months remained significant ( Table 3 ). The noted effect sizes were large. Similarly, Table 4 reports the changes in uric acid, BMI, and body composition. Table 5 denotes the frequency of adverse events. The first row under each factor indicates the number of participants who reported one hyperglycemic episode (etc.). For example, 11 of the participants did not self-report (or via glucometer) any hyperglycemic episodes.
The participants were considered enrolled once they consented to be in the study. Fortyfive participants were screened on-site. Nineteen total participants failed to qualify prior to being randomized. Twenty-six were enrolled, but data was garnered from sixteen participants due to premature discontinuation. Participation in the trial was terminated early in 10 participants because they were non-responsive to phone calls (etc.), failed to come in for their visits, or withdrew consent. The 10 participants who were terminated did not receive medication or placebo and therefore did not have any adverse events or any data of relevance to report.
With regards to participants who were randomized, two participants underwent sleeve gastrectomy, while the remaining 14 underwent Roux-en-Y gastric bypass. One participant underwent sleeve gastrectomy in each group, while four underwent Roux-en-Y gastric bypass in the placebo group. In the canagliflozin group, one participant dropped out after 6 weeks and one participant dropped out after three months. In the placebo group, three participants dropped out after three months. The patients who did contact us informed us that their blood glucose levels increased and therefore wanted to withdraw consent; otherwise, they were terminated because they were non-responsive or failed to come in for their visits. The median number of years from the date of bariatric surgery until the screening visit was 3.8 (1.6, 9.6) and 2.7 (1.24, 4.6) for the canagliflozin and placebo groups, respectively.
At the screening visit, one participant was not taking any medication for their T2D because they did not have health insurance. One participant was using metformin and a dipeptidyl peptidase-4 inhibitor. Three participants were diet-controlled. The remaining participants were on a mono-therapeutic regimen of metformin. The participants were not taking weight loss medications.
There were no documented incidents of diabetic ketoacidosis. One participant in the placebo group was instructed to use rapid-acting insulin (Humulin) prior to each meal (up to 10 units) because they had uncontrolled T2D (A1C >11%). The participant injected around 15-25 units of insulin per day. Only two participants were supplied with insulin: the lone participant and one participant in the canagliflozin group who did not repot using it.
Discussion
Now, there is more data to substantiate the assertion that a SGLT2 inhibitor can improve weight loss and glycemic outcomes in participants who underwent bariatric surgery.
Additionally, pharmacological aids such as SGLT2 inhibitors can help maintain rather than promote substantial weight loss. There were three pertinent findings: there were reductions in BMI, blood glucose, and body fat percentage; in the intent-to-treat analysis, improvements in body fat composition were reflected by the reductions in android (central) adiposity.
Moreover, between-group changes in uric acid levels at six months achieved significance.
The data highlights that canagliflozin merits some consideration when deciding which agent to prescribe after bariatric surgery.
If weight loss is facilitated via diet and exercise, the homeostatic response is hyperphagia [18] . By contrast, participants who have underwent bariatric surgery have a reduction in hunger and increase in satiety because of the proposed changes to the homeostatic control of the body fat set point [19] . There are, however, interindividual differences in weight loss outcomes; specifically, some patients are resistant to the positive effects of bariatric surgery and as a result caloric intake markedly increases [20] . With a progressive increase caloric intake, there may be T2D relapse.
Given that hyperglycemia recurs after bariatric surgery in some patients, canagliflozin can offset increases in postprandial glucose levels by facilitating glucose excretion via the renal system [21] . As a result, a negative energy balance and weight loss are facilitated. Thus, as was done in the present study (at least >1 year after surgery), canagliflozin may be prescribed long-term after bariatric surgery in participants who were inadequately controlled by their traditional regimen.
As presented in the results, the average weight loss that a patient can expect is around 3.7 kg ( Table 2 ). The results corroborated the noted findings in the literature because weight loss outcomes were similar to that observed in other clinical trials that prescribed canagliflozin (~ 3 kg) [21] .
Few studies have investigated the effects of antidiabetic medications in participants who underwent bariatric surgery. Except for two studies, the remaining were retrospectivebased studies. Although there was a discrepancy in the time points (six months in the present study vs. two years in the liraglutide study), weight loss outcomes paralleled that of liraglutide in a retrospective study that investigated its effects in a similar population [9] .
However, another retrospective study found that patients who were prescribed a high-dose of liraglutide (3.0 mg) experienced significant weight loss (-4.7kg/m 2 ) after 28 weeks [22] . In comparison, the present study noted reductions of about 1.24 kg/m 2 after roughly 26 weeks.
The marked weight loss results achieved by the participants in the liraglutide study were likely confounded by diet, as the participants were instructed to achieve a 500 kcal/day deficit [22] . The lone prospective study that investigated the effects of 3.0 mg of liraglutide reported that weight was reduced by 5.6% and 3.3% in RYGB and sleeve gastrectomy participants, respectively [10] .
As a result of the decrease in weight, body composition improved; specifically, android and truncal fat percentage were reduced by an average of 3 and 2.67 percent, respectively ( Table 2 ). The reductions in android adiposity are clinically relevant because of its association with insulin resistance and cardiovascular disease risk.
The present study observed significant reductions in blood glucose (-32.90 mg/dL) after 6 months. In a similar population, another randomized controlled study observed modest reductions in blood glucose (-12 mg/dL) by comparison; in that study, patients were randomized to receive placebo or sitagliptin (100 mg) for four weeks [11] . If study duration was longer in the trial that investigated sitagliptin, the reductions in blood glucose may have been more marked.
Hypoglycemic incidence is generally low with a mono-therapeutic regimen of canagliflozin [23] ; principally, canagliflozin improves glycemic control by facilitating glucose excretion to a level that overlies the initial hypoglycemic threshold (70 mg/dL) [23] .
There were two hypoglycemic incidents in the present study (Table 5) . Likewise, the incidence of hyperglycemia (>250 mg/dL) was low (Table 5 ). However, hypo and hyperglycemic incidents may have been missed due to the fact that participants were not given a continuous glucose monitoring system.
Irrespective of medication class, patients diagnosed with T2D are susceptible to
fractures because of defects in bone microarchitecture [24, 25] . After bariatric surgery, patients may be at an increased risk for fracture occurrence due to reductions in BMD [26] .
Thus, prescribing a pharmaceutical agent that does not exacerbate that risk is pertinent.
Initially, a long-term study demonstrated that canagliflozin induced reductions in BMD in participants who had a BMI >30, multiple cardiovascular risk factors, and a T2D diagnosis [12] . However, although canagliflozin may affect BMD indirectly via the commensurate decrease in weight [27] , the literature in aggregate suggests that canagliflozin does not lead to significant reductions in BMD [28] . Moreover, in relation to glucagon-like peptide-1 agonists, fracture risk was not accentuated in participants taking canagliflozin [29] . Although not powered to detect group differences, there were miniscule (non-significant) reductions in BMD in the present study; specifically, changes in BMD were negligible (Table 2 ). However, the drawback of the present study was that the participants were followed for six months.
Subsequently, reductions in BMD may not have been apparent after six months. Furthermore, it is unclear if menopausal status impacted the results, as there were three female subjects in each group (38%) who were below the age of 50.
Limitations
Given that there were no direct comparisons between canagliflozin and that of other antidiabetic medications, the study cannot indicate that canagliflozin is superior. Another limitation of the study was the inability to meet pre-specified enrollment goals; furthermore, the dropouts reduced statistical power. A small sample size may preclude the ability to extrapolate the findings to the general population. Furthermore, the method used to determine adherence is not devoid of imprecision. If the subject did not return any medication, their adherence could not be quantified. Therefore, while compliance was greater than 80% (Table   5 ), it did not account for participants who did not return any medication. In addition, the DEXA is known to be prone to error in participants who are obese and/or after weight loss [30] . The frequency of hypoglycemic episodes and that of other adverse events were contingent upon the participants reporting them. Not all participants were diligent with their glucometer readings. A continuous glucose monitoring device would have allowed the researchers to more readily verify hypoglycemic and hyperglycemic events. There was no ketone-related data to report. Finally, insulin administration represented a limitation.
Conclusion
Weight loss, body composition, and glycemic outcomes were improved with canagliflozin treatment. Despite a low sample size, the frequency of adverse events were low and all were non-severe. Even though study duration was only six months, decrements in BMD were minimal with short-term canagliflozin therapy. Future studies will require larger sample sizes to assess the efficacy of canagliflozin in relation to other T2D medications. Hemoglobin A1c (%) 16 7.4(6.5,10.0) Mixed effect model, confidence interval (CI), high molecular weight (HMW), C-reactive protein (CRP), bone mineral density (BMD), low-density lipoproteins (LDL), high-density lipoproteins (HDL), hemoglobin A1C (A1C), Yuen's method (*) Yuen's method (*), confidence interval (CI) 
